We report the first measurement of transverse single-spin asymmetries in J/ψ production from transversely polarized p + p collisions at √ s = 200 GeV with data taken by the PHENIX experiment in 2006 and 2008. The measurement was performed over the rapidity ranges 1.2 < |y| < 2.2 and |y| < 0.35 for transverse momenta up to 6 GeV/c. J/ψ production at RHIC is dominated by processes involving initial-state gluons, and transverse single-spin asymmetries of the J/ψ can provide access to gluon dynamics within the nucleon. Such asymmetries may also shed light on the long-standing question in QCD of the J/ψ production mechanism. Asymmetries were obtained as a function of J/ψ transverse momentum and Feynman-x, with a value of −0.086 ± 0.026 stat ± 0.003 syst in the forward region. This result suggests possible nonzero trigluon correlation functions in transversely polarized protons and, if well defined in this reaction, a nonzero gluon Sivers distribution function.
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I. INTRODUCTION
The transverse single-spin asymmetry (SSA) quantifies the asymmetry of particle production relative to the plane defined by the transverse spin axis and the momentum direction of a polarized hadron. SSAs have come to be recognized as a means of accessing QCD dynamics, both within initial-state hadrons and in the process of hadronization from partons. Large azimuthal transverse single-spin asymmetries of up to ∼ 40% were first observed at large Feynman-x (x F = 2p L / √ s, where p L is the momentum along the beam direction) in pion production from transversely polarized p + p collisions at √ s = 4.9 GeV in 1976 [1] , contrary to theoretical expectations at the time [2] , and subsequently observed in hadronic collisions over a range of energies extending up to √ s = 200 GeV [3] [4] [5] [6] [7] [8] [9] . In recent years numerous measurements of transverse SSAs have been performed in semi-inclusive deep-inelastic scattering (SIDIS) off a transversely polarized proton or deuteron target as well [10] [11] [12] [13] [14] [15] . In order to describe the large transverse SSAs observed, two approaches have been developed since the 1990s, after early pioneering work by Efre- * Deceased † PHENIX Spokesperson: jacak@skipper.physics.sunysb.edu mov and Teryaev [16, 17] . One approach requires highertwist contributions in the collinear factorization scheme, i.e. the exchange of a gluon between one of the partons taking part in the hard scattering and the color field of either an initial-or final-state hadron. This was first proposed by Qiu and Sterman for gluon exchange in the initial state [18] and by Kanazawa and Koike for exchange in the final state [19] . Gluon exchange in either the initial or final state leads to terms including multiparton correlation functions, which can generate a nonzero SSA. The other approach utilizes parton distribution functions and/or fragmentation functions that are unintegrated in the partonic transverse momentum, k T ; these functions are generally known as transverse-momentum-dependent distributions (TMDs). These two approaches have different but overlapping kinematic regimes of applicability and have been shown to correspond exactly in their region of overlap [20] . While higher-twist parton-nucleon spin-momentum correlation functions and TMDs were born within the nucleon structure community, as understanding of them matures, their implications for other areas of QCD are starting to be realized. J/ψ production has been extensively studied over the last decades, but the details of the production mechanism remain an open question (see ref. [21] for a comprehensive review), and an additional complication is that approximately 30%-40% of the measured J/ψ mesons in hadronic collisions are pro-duced indirectly from feed-down from ψ ′ and χ c [22] . It was proposed in 2008 by Yuan [23] that within the framework of nonrelativistic QCD (NRQCD) [24] , the transverse SSA of J/ψ production can be sensitive to the J/ψ production mechanism, assuming a nonzero gluon Sivers function [25] , which is a TMD that describes the correlation between the transverse spin of the proton and the k T of the partons within it. Specifically, Yuan predicts that a nonzero gluon Sivers function will produce a finite transverse SSA for color-singlet J/ψ production [26] in p + p collisions, but the asymmetry should vanish for color-octet production [24] in p + p due to cancelation between initial-and final-state effects, while a nonzero asymmetry for J/ψ production in SIDIS is only expected within the color-octet model. It should be noted that the relationship between the transverse SSA and the production mechanism is not quite as simple in the collinear higher-twist approach, with partial but not full cancelation of terms [27] in the cases where the asymmetry uniformly vanishes in the TMD approach presented by Yuan. Another important point to note regarding the TMD as compared to the collinear, higher-twist approach is that very recent theoretical work [28] suggests that factorization of hard processes in perturbative QCD (pQCD) into transverse-momentum-dependent distribution and fragmentation functions convoluted with partonic hard-scattering cross sections is not valid for processes involving more than two hadrons. Thus, in the process p + p → J/ψ + X a gluon Sivers function may not be well defined; however, the definition within a factorized pQCD framework of the corresponding trigluon correlation functions in the collinear, higher-twist approach is believed to be valid.
Measurements of heavy flavor transverse SSAs in p + p collisions are of interest because they serve to isolate gluon dynamics within the nucleon, with heavy quarks being dominantly produced via gluon-gluon interactions. Very little is presently known about trigluon correlation functions or gluon TMDs. Measurements of the transverse momentum (p T ) spectrum of bottomonium production have been used to extract the k T -unintegrated distribution of gluons in an unpolarized proton [29] . Similarly, measurements of open heavy flavor transverse SSAs have been proposed as a means to isolate gluon TMDs and/or their corresponding twist-three gluon correlation functions in polarized protons [30] [31] [32] . A previous PHENIX measurement of the transverse SSA in neutral pion production at midrapidity [33] as well as measurements by the COMPASS collaboration of the SSA in semi-inclusive charged hadron production [11] , both consistent with zero, have been used to provide initial constraints on the gluon Sivers function and suggest that it is small [34, 35] , but further data relevant to gluon TMDs are greatly needed.
In this paper the first measurement of transverse SSAs in J/ψ production is presented. The data were taken by the PHENIX experiment at the Relativistic Heavy Ion Collider (RHIC) during the 2006 and 2008 polarized proton runs at √ s = 200 GeV. The p T and x F dependencies are studied, for rapidity regions of −2.2 < y < −1.2, |y| < 0.35, and 1.2 < y < 2.2, and p T up to 6 GeV/c.
II. ANALYSIS
A. Measuring Transverse Single-Spin Asymmetries
Transverse single-spin asymmetries lead to modulations of the cross section in the azimuthal angle due to the projection of the polarization vector into the direction of the produced particle. Our measurement is performed in two separate hemispheres referred to as 'left' and 'right' where left is defined as the axis which forms a right-handed coordinate system with the beam momentum vector and one of the spin orientations, denoted as ↑. For a vector S in the direction of the ↑ spin and beam momentum P , left is defined as p · S × P > 0 with p being the momentum vector of the outgoing particle.
The left-right transverse SSA can be extracted using Eq. (1). This equation applies to particle yields observed to the left side of the polarized beam.
where σ ↑ (σ ↓ ) represents the production cross section with beam polarized in the ↑ (↓) direction, integrated over the left hemisphere, and P is the beam polarization. An overall minus sign is required for A N on the right side of the polarized beam.
The geometric scale factor f corrects for the convolution of an azimuthal asymmetry with detector acceptance. For a sinusoidal asymmetry, as generated by the Sivers function, the factor becomes
where φ is the azimuthal angle between the outgoing particle and the proton spin, and ε(φ) is the efficiency for detecting a J/ψ at a given φ. The limits of integration correspond to the hemisphere in which the measurement is being made. It should be noted that even for a detector with full azimuthal coverage the factor f is not unity because we are not determining the amplitude of the modulation directly but measuring an asymmetry which is integrated over entire hemispheres in azimuth. Both proton beams in RHIC were polarized. In order to derive single-spin asymmetries, we sum over polarization direction states in one of the two beams:
where σ again indicates the φ-dependent cross section integrated over one hemisphere, and ↑ and ↓ represent the spin orientations of the two beams. 
where N ↑↑ , N ↑↓ , N ↓↑ and N ↓↓ are the experimental yields in each spin configuration, and
↓↓ are ratios of the provided luminosities L in each spin orientation. The use of a single polarization factor assumes that bunch polarizations P are equal regardless of spin orientation in each beam. We have also assumed that detector efficiencies are equal for each spin orientation, given that the orientations change every 106 or 212 ns.
Beam polarizations at RHIC are measured by two different polarimeters, a fast carbon target polarimeter [36] for relative polarization measurements and a hydrogen jet polarimeter [37] for an absolute measurement. The carbon target polarimeter is used to measure relative beam polarization store-by-store, and the hydrogen jet polarimeter is used for absolute calibration of the beam polarization. During the 2006 run the average transverse beam polarizations were 0.53 ± 0.02
Fill-to-fill variation of beam polarization was ±0.03 (1 σ) for the clockwise beam and ±0.04 (1 σ) for the counterclockwise beam. The labels represent the direction in which the beam is circulating when looking from above, and the systematic uncertainties are uncorrelated between beams. There is an additional systematic uncertainty of 3.4% correlated between the two beams. The average beam polarizations during the 2008 data taking were 0.48 ± 0.02
each with a fill-to-fill variation of ±0.04 (1 σ), and with an additional systematic uncertainty of 3.0% correlated between the beams. For statistically limited measurements it may be impossible to measure asymmetries using separate yields based on the spin orientation of both beams. In this case a good approximation can be made using
where the spin orientation of the polarized beam is denoted by the arrow, and we have a single relative luminos-
Systematic effects which will be discussed in Section II D can be reduced by bringing R to a constant value.
To further simplify Eq. (6) we can eliminate all explicit uses of the relative luminosity and calculate a single asymmetry for both the left and right hemispheres using
The geometric scale factor
is different from the scale factor in Eq. (5) and Eq. (6) because left and right are treated simultaneously, leading to differences between the two expressions of order (A N ) 3 .
B. J/ψ Measurements
Measurements were carried out by the PHENIX experiment at RHIC, where the cross section and polarization of J/ψ mesons in √ s = 200 GeV p + p collisions have also been measured [38, 39] . An overview of the PHENIX apparatus can be found in [40] . At forward and backward rapidities, J/ψ → µ + µ − were measured with two muon spectrometers [41] , for 1.2 < |y| < 2.2 and ∆φ = 2π, using data recorded in 2006 and 2008. At midrapidity, asymmetries were studied via J/ψ → e + e − with the central arm spectrometers [42] , for |y| < 0.35 and ∆φ = 2 × π 2 , using 2006 data. Collisions were identified by triggering on a valid collision vertex as measured by the beam-beam counters (BBC) [43] .
Muon track candidates were detected at forward and backward rapidities with respect to the polarized beam using two muon spectrometers on the north and south sides of the experiment. Each spectrometer consists of 3 cathode strip tracking chambers in a magnetic field (MuTr) and 5 layers of Iarocci tube planes interleaved with thick steel absorbers (MuID).
Muon candidates were selected using the BBC trigger in coincidence with combinations of hits in the MuID called symsets. Each symset is defined by projecting from the center of the interaction region through a tube in the first layer of the MuID to a window of ±3 additional tubes in each subsequent layer. Muon candidates are characterized by the depth of their penetration through the MuID. A deep track requires at least one hit of the symset to occur in either the first or second layer and one hit in either the fourth or fifth layer with at least three layers containing hits, while a shallow track requires only one hit in either the first or second layer with at least two hits in the first three layers. In order for a muon to reach the MuID it must have a minimum total momentum of ∼1.9 GeV/c, and ∼2.4 GeV/c is needed to reach the last layer.
The dimuon trigger for the 2006 data required at least one muon candidate satisfying the deep trigger requirement and another satisfying at least the shallow trigger, while the trigger for the 2008 data required two deep muon candidates. After run selection, the muon spectrometer on the north (south) side of PHENIX sampled an integrated luminosity of 1.75 (1.63) pb For candidate muon pairs, the collision vertex was required to be within 35 cm of the center of the interaction region along the beam direction, and each track was required to have longitudinal momentum 1.4 < p z (GeV/c) < 20. The distance between the track projections from the MuID and the MuTr to the first MuID layer was required to be less than 25 (30) cm for the detector on the north (south) side, and the angular difference was required to be less than 10 degrees. A fit to the common vertex of the two tracks was performed and required to have a χ 2 < 20 for 4 degrees of freedom.
For an electron candidate at midrapidity, a coincidence was required between the BBC trigger and a trigger designed to select electrons (ERT), which required a nominal minimum energy of 0.4 GeV in a 2 × 2-tower region (∆η × ∆φ = 0.02 × 0.02) of the electromagnetic calorimeter (EMCal) and corresponding activity in the ring-imagingČerenkov detector (RICH). After run selection the central arm spectrometers sampled an integrated luminosity of 1.36 pb
The momentum of electron candidate tracks was reconstructed using the drift chamber (DCH), and their energy was measured with the EMCal. A minimum momentum cut of 0.5 GeV/c was applied, and the ratio of the measured energy to momentum (E/p) was required to be within four standard deviations (σ) of 1, with the resolution in E/p varying with p between 10% and 15%. Position matching between the track in the DCH and energy cluster in the EMCal was required to be < 4σ in both the beam direction and azimuth, and only collisions occurring within 30 cm of the center of the interaction region along the beam direction were considered, matching the central arm acceptance. 
Transverse single-spin asymmetries for the J/ψ → µ + µ − decay channel were determined by subtracting a background asymmetry from the inclusive signal as
where the A N values on the right-hand-side were calculated using Eq. (5). The asymmetry A Incl N is for oppositely-charged muon pairs in the invariant mass range ±2σ around the J/ψ mass (where σ is the mass resolution of the detector), and A
BG N
for the analysis of the 2006 data set is the asymmetry for oppositely-charged muon pairs in the invariant mass range 1.8 < m (GeV/c 2 ) < 2.5 along with charged pairs of the same sign in invariant mass range 1.8 < m (GeV/c 2 ) < 3.6 (shaded areas in Fig. 1(a) and (b) respectively) . For the analysis of the 2008 data set the lower limit of the mass range was 2.0 GeV/c 2 . As a cross check, A BG N was calculated separately for the oppositely-charged muon pairs and charged pairs of the same sign, and the results were consistent. Table I The background fraction r is defined as
where N Incl is the total number of oppositely-charged muon pairs in the invariant mass range ±2σ around the J/ψ mass, and N J/ψ is the J/ψ yield in the same mass range. N J/ψ was extracted by fitting the invariant mass spectrum of oppositely-charged muon pairs with two Gaussians (for the J/ψ and ψ ′ resonances, the peak shape of which is dominated by the detector resolution) and a third-order polynomial (for the remaining pairs), using the expression:
The free parameters in the fit are the four polynomial parameters as well as N J/ψ , M J/ψ , σ, and N ψ ′ . The mass and width of the ψ ′ are fixed relative to the J/ψ based on simulations. The polynomial is used to fit the background from both physical sources (i.e. Drell-Yan, open heavy flavor) and uncorrelated track combinations. Uncorrelated track combinations comprise more than 50% of the oppositely-charged muon pairs under the J/ψ mass peak. An example mass spectrum and fit is shown in Fig. 1(a) . The total J/ψ yield in the dimuon decay channel was 6403 ± 126 for the 2006 and 15380 ± 150 for the 2008 data set. Table II gives background fractions in different p T ranges determined from the fit. The asymmetries were measured store-by-store, using Eq. (5), with the final results obtained by averaging over all stores. A geometric scale factor from 2006 data of f = 1.57 ± 0.04 was determined from J/ψ azimuthal distributions in data and was found to be independent of p T within statistical uncertainties. In the 2008 data, the polarization of the clockwise circulating beam was found to be rotated by 0.25 ± 0.033 rad away from vertical (see Appendix ), meaning that f was different depending on which beam was considered polarized in the analysis. The geometric scale factors from that analysis were f = 1.64 ± 0.01 for the clockwise circulating beam and f = 1.56 ± 0.01 for the counter-clockwise circulating beam Several systematic checks were performed in the analysis. Asymmetries were determined using random spin orientations to cross check their consistency with zero. The means were found consistent with zero and widths consistent with statistical uncertainties in A N . The parityodd asymmetries along the proton spin direction were also measured and found to be consistent with zero as expected for the strong interaction.
Following previous PHENIX publications systematic uncertainties in this analysis are categorized as Type A, point-to-point uncorrelated, Type B, scaling all points in the same direction but not by the same factor, and Type C, scaling all points by the same factor. It should be noted that all scale uncertainties affect both the central values and the statistical uncertainties such that the statistical significance of the measurement from zero is preserved. A single Type A systematic uncertainty is included, which is due to the fit used to determine the background. The fit was nominally performed using a range of 1.8 < m (GeV/c 2 ) < 5.0 for the 2006 and 2.0 < m (GeV/c 2 ) < 5.0 for the 2008 data. To estimate the uncertainty due to the choice of fit range, the fit was then performed using a range of 1.5 < m (GeV/c 2 ) < 5.5, and the difference of the calculated A N with the nominal was taken as a systematic uncertainty. Other systematic uncertainties are discussed in Section III.
D. Analysis Method for
For the RHIC luminosities and store lengths in 2006 there were too few J/ψs detected in the PHENIX central arms to calculate a separate asymmetry for each store. Instead, asymmetries were calculated using Eq. (7) from statistics integrated across the four-week running period. The integration of statistics over a long time-period requires special care to be taken in order to avoid introducing false asymmetries.
If we measure an asymmetry in n time periods with, for simplicity, equivalent statistics in each measurement i, we can determine an averaged asymmetry in the left hemisphere using Eq. (6) as
Since each measurement is probing the same physical observable we have the same A N,i for all i within statistical uncertainties. This allows us to calculate the asymmetry as
which corresponds to integrating our n measurement periods into a single measurement. For a statistically limited measurement we do not calculate R i , f i , and P i for all i but assume that the measurement can be made as
where the brackets denote a luminosity-weighted average over the course of the measurement. In order for the same physical observable to be calculated by this expression without additional systematic uncertainty we must have R i = R , f i = f , and P i = P for all i. The PHENIX central arm acceptance was stable enough over the course of the running period so that the assumption is valid for f , but variations in the polarization and relative luminosity must be taken into account. Variations in the polarization were found to be consistent with statistical and systematic errors on measurements of the polarization and contribute to an uncertainty in the overall scale of A N (scale uncertainties will be discussed in more detail in Section III). Variations in R have the most significant effect on the asymmetry as they can potentially contribute to false asymmetries.
In order to stabilize relative luminosities a procedure was developed wherein several bunches of colliding protons are removed from the analysis so that the relative luminosity within each store is brought as close to unity as possible given the finite number of bunches. In principle we could choose any constant value for the relative luminosity, but unity is chosen for convenience.
First, all bunches with luminosities greater than 2 standard deviations away from the mean bunch luminosity of a store are removed. A bunch is then chosen at random, and if removing this bunch from the analysis brings the relative luminosity closer to unity it is removed. Otherwise it is kept, and another bunch is chosen at random. The process continues until the relative luminosity is within 1% of unity or as close to unity as possible given the finite number of bunches. The corrected relative luminosities were distributed with an RMS of approximately 1.5% away from unity, and the entire procedure removed approximately 5% of the provided luminosity from the data sample used in this analysis.
Since removed bunches are chosen at random, the result of the analysis is not unique, and a systematic uncertainty is introduced. In order to determine this systematic uncertainty, the analysis was run 5000 times, and the resulting asymmetries and statistical uncertainties were histogrammed. The mean values of these two histograms were then taken as the central value and statistical uncertainty, and the RMS of the histogrammed asymmetry was taken as the dominant systematic uncertainty in the analysis.
It is not generally true that detector efficiencies are independent of spin orientation in the PHENIX central arms when triggering with the ERT, as even and odd numbered crossings are triggered by separate circuits with slightly different gains. While the results for even and odd crossings are consistent within statistical uncertainties and no systematic trend is observed, to eliminate any possible effects from the different trigger circuits we measure asymmetries separately for even and odd crossings and combine the resulting asymmetries.
The PHENIX central arms detected 539 ± 25 J/ψ mesons in an invariant mass range 2.7 < m (GeV/c 2 ) < 3.4. The resolution of the J/ψ mass peak was found to be 0.061 ± 0.002 GeV/c 2 . Charged lepton pairs with the same sign are due to uncorrelated tracks and are subtracted from the oppositely-charged pairs using the number of like-signed pairs as 2 √ N e + e + N e − e − . Both mass spectra can be found in Fig. 2 . After subtracting the uncorrelated tracks from the mass spectra, there is a remaining continuum background from open heavy flavor and Drell-Yan production as well as a small number of lepton pairs from ψ ′ decays reconstructed to low mass. The contribution from conversion electrons is negligible. The background fraction from continuum pairs as defined in Eq. (10) can be found in Table III . There were not enough statistics in the continuum background to determine A BG N , and inclusion of such background was not found to significantly affect the signal asymmetry. An pT (GeV/c) f There were not enough J/ψs detected in order to determine geometric scale factors for the asymmetries at midrapidity from data. These factors were instead determined using a GEANT [44] Monte Carlo simulation of single J/ψ decays with a full geometric description of the central arm detectors including all known inefficiencies. Geometric scale factors used in the analysis are given in Table IV and mean polarizations in Section II A. A number of systematic checks were performed to ensure the validity of the measurement. The number of J/ψs produced divided by the provided beam luminosity was calculated and found to be constant across stores. Asymmetries were determined with randomized spin directions as described in Section II C and found to be distributed in normal distributions which had means consistent with zero and widths consistent with the statistical uncertainties. Parity-odd asymmetries along the proton spin direction were measured and found to be consistent with zero, as expected.
III. RESULTS AND SUMMARY
Figures 3 and 4 present the measured transverse singlespin asymmetry in J/ψ production versus x F , and Fig. 5 shows the measured transverse SSA at different rapidities as a function of p T . The results are tabulated in Table V . The Type A systematic uncertainties, which are point-to-point uncorrelated, are due to the procedure used to stabilize the relative luminosity in the midrapidity analysis, as described in Section II D, and the fit used to determine the background in the analysis at forward and backward rapidities, as described in Section II C. As discussed in Section II A, uncertainties in the geometric scale factors and polarizations lead to a fractional scale uncertainty on A N . The uncertainties shown in the last two columns of Table V are Type B systematic uncertainties, scaling all x F or p T points in the same data set in the same direction but not necessarily by the same factor. There are additional Type C scale uncertainties, which scale all points in exactly the same way, due to the fully correlated polarization uncertainties in each data set of 3.4% for 2006, 3.0% for 2008, and 2.4% for the combined 2006 and 2008 data sets. It should be noted that all scale uncertainties affect both the central values and the statistical uncertainties such that the statistical significance of the measurement from zero is preserved. While in principle the polarization uncertainties do not affect A N symmetrically due to the fact that A N ∝ 1 P , the difference in the value of the uncertainties scaling to larger and smaller magnitudes of A N is less than the precision shown.
As the functional form of the asymmetry in x F and p T is completely unknown, no correction has been made for potential smearing effects. A simulation study was performed assuming a linear dependence of A N on x F , and it was found that smearing effects were less than 10% of the value of the input asymmetry.
The measured asymmetry at forward x F is negative, -0.086 ± 0.026 ± 0.003, with a statistical significance from zero of 3.3σ, suggesting a nonzero trigluon correlation function in transversely polarized protons and, if well defined as a universal function in the reaction p + p → J/ψ + X, a nonzero gluon Sivers function. A nonzero transverse SSA in J/ψ production in p + p generated by gluon dynamics may seem surprising given the SSAs consistent with zero in midrapidity neutral pion production at PHENIX [33] and semi-inclusive charged hadron production at COMPASS [11] . However, the details of color interactions have been shown to play a major role in SSAs [28] , so further theoretical development will be necessary before we fully understand the relationships among these measured asymmetries. As discussed in Ref. [23] , a nonzero transverse SSA in J/ψ produc- tion in polarized p + p collisions generated by a gluon Sivers TMD would be evidence against large contributions from color-octet diagrams for J/ψ production. If a gluon Sivers TMD is in fact well defined and nonzero, a new experimental avenue has been opened up to probe the J/ψ production mechanism, a long-standing question in QCD. As discussed in Section I, there is a relationship between the SSA and the production mechanism of the J/ψ in the collinear, higher-twist approach, but it is not as simple as in the TMD approach.
Future p + p data from RHIC are expected to improve the precision of the current measurement, and a similar measurement for J/ψ production in SIDIS with a transversely polarized target could shed further light on the production mechanism, as [23] predicts a vanishing asymmetry for the color-singlet model in SIDIS but nonzero asymmetry for the color-octet model. While no rigorous quantitative calculations are presently available for either collision system, we anticipate that future theoretical calculations will provide more detailed guidance on the implications of the present results. identify and veto charged particles.
Neutron candidates were selected by triggering on a coincidence between the BBC trigger and a signal in either the north or south ZDC. Due to bandwidth restrictions, the trigger was prescaled by a factor typically around 100. The analysis of the 2006 data used 8.7 × 10 7 events from radially polarized collisions, and the analysis of the 2008 data used 7.3 × 10 7 events from vertically polarized collisions.
Neutrons were selected offline by requiring an energy deposit in the ZDC between 20 and 120 GeV along with no hit in the veto scintillator (less than 1 minimumionizing particle). Hits were required in both the horizontal and vertical planes of the SMD, and neutrons were required to be between 0.3 mrad (0.5 cm at the SMD) and 1.4 mrad (2.5 cm at the SMD) from the beam.
The asymmetry is calculated using fits to the azimuthal distribution of the neutrons: where φ is the azimuthal angle relative to vertical, and φ 0 is the deviation of the polarization from the nominal direction.
The position resolution of the local polarimeter is approximately 1 cm. To determine a systematic uncertainty on the polarization direction, fits are performed for ±1 cm around the center of the azimuthal neutron distribution (defined as the position where A N is maximal). The deviation of the polarization from nominal, in radians, was found to be 0. 064 
